The number of synonymous mutations per synonymous site (K s ), the number of nonsynonymous mutations per nonsynonymous site (K a ), and the codon usage statistic (N c ) were calculated for several hepatitis A virus (HAV) isolates. While K s was similar to those of poliovirus (PV) and foot-and-mouth disease virus (FMDV), K a was 1 order of magnitude lower. The N c parameter provides information on codon usage bias and decreases when bias increases. The N c value in HAV was about 38, while in PV and FMDV, it was about 53. The emergence of 22 rare codons in front of 8 in PV and 7 in FMDV was detected. Most of the conserved rare codons of the P1 region were strategically located at the carboxy borders of ␤ barrels and ␣ helices, their potential function being the assurance of proper folding of the capsid proteins through a decrease in the translation speed. This strategic location was not observed for amino acids encoded by the conserved rare codons of the 3D region. The percentage of bases with low pairing number values was higher in the latter region, suggesting a role of the conserved rare codons in the maintenance of RNA structure. Many of the rare codons in HAV are among the most frequent in humans, unlike in PV or in FMDV. This fact may be explained by the lack of cellular shutoff in HAV. One hypothesis is that HAV has evolved in order to avoid competition with its host for cellular tRNAs.
The number of synonymous mutations per synonymous site (K s ), the number of nonsynonymous mutations per nonsynonymous site (K a ), and the codon usage statistic (N c ) were calculated for several hepatitis A virus (HAV) isolates. While K s was similar to those of poliovirus (PV) and foot-and-mouth disease virus (FMDV), K a was 1 order of magnitude lower. The N c parameter provides information on codon usage bias and decreases when bias increases. The N c value in HAV was about 38, while in PV and FMDV, it was about 53. The emergence of 22 rare codons in front of 8 in PV and 7 in FMDV was detected. Most of the conserved rare codons of the P1 region were strategically located at the carboxy borders of ␤ barrels and ␣ helices, their potential function being the assurance of proper folding of the capsid proteins through a decrease in the translation speed. This strategic location was not observed for amino acids encoded by the conserved rare codons of the 3D region. The percentage of bases with low pairing number values was higher in the latter region, suggesting a role of the conserved rare codons in the maintenance of RNA structure. Many of the rare codons in HAV are among the most frequent in humans, unlike in PV or in FMDV. This fact may be explained by the lack of cellular shutoff in HAV. One hypothesis is that HAV has evolved in order to avoid competition with its host for cellular tRNAs.
The high degree of conservation of the amino acid sequences of the capsid proteins of hepatitis A virus (HAV) correlates with a lack of antigenic diversity; thus, there is only a single serotype of human HAV. However, despite this limited amino acid heterogeneity, a significant degree of nucleic acid variability has been observed among different isolates from different regions of the world (3, 8, 23, 25) . The molecular bases of this genetic variability may be the high error rate of the viral RNA-dependent RNA polymerase and the absence of proofreading mechanisms. Although no data exist on the error rate of the HAV polymerase, the mutation frequencies for a variety of different RNA viruses range from 10 Ϫ4 to 10 Ϫ5 substitution per base per round of copying (9) . The reason why this nucleic acid heterogeneity does not correspond to amino acid heterogeneity should rely on the lack of nonsynonymous mutations, possibly due to their elimination by negative selection. However, the actual mode of transmission of very small HAV populations, frequently associated with contaminated foods, may lead to the accumulation of debilitating mutations (7) . In this context, the strikingly low level of amino acid changes in the capsid region suggests strong structural constraints.
In the present work, we undertook an analysis of the nucleotide and amino acid changes in sequences representing the available strains from GenBank and isolates from a food-borne hepatitis A outbreak. Since HAV structural data exist only for the 3C protein (4), structural models for the VP2, VP3, VP1, and 3D proteins have been deduced from actual data for the structural proteins of poliovirus (13) and foot-and-mouth disease virus (1) and from the actual 3D polymerase of poliovirus (12) .
MATERIALS AND METHODS
Viruses. The 15 complete HAV sequences available at GenBank were used throughout this study. These sequences represent a group of geographically and temporally diverse HAV strains (Table 1) . Additionally, 18 strains were isolated from patients in an outbreak of acute hepatitis A associated with the consumption of coquina clams (24) . Virus RNA was isolated from 60-l serum samples by guanidine thiocyanate treatment as specified elsewhere (5, 24) .
RT-PCR amplification and nucleotide sequencing. The complete P1-2A sequence of the HAV isolates was obtained after their amplification with the Pwo reverse transcription (RT)-PCR system (Roche) by following the manufacturer's specifications and with primers corresponding to the capsid protein genomic regions ( Table 2) . Sequencing of RT-PCR products in both directions was performed with a Thermo Sequenase II dye terminator cycle sequencing premix kit (Amersham Pharmacia Biotech) by following the manufacturer's instructions and with an ABI Prism 377 automated DNA sequencer (Perkin-Elmer).
Analysis of nucleotide and amino acid sequences. Alignment of multiple sequences was carried out with the ClustalW program (European Bioinformatics Institute). The number of synonymous mutations per synonymous site (K s ) and the number of nonsynonymous mutations per nonsynonymous site (K a ) were calculated by the Nei-Gojobori method (19) with the DnaSP program (http:// www.ub.es/dnasp/) (University of Barcelona).
To create codon usage tables for HAV, poliovirus serotype 1 (PV-1), and foot-and-mouth disease virus serotype C (FMDV-C), the Cusp program (European Molecular Biology Open Software Suite) was used. A rare codon was defined as one whose frequency was less than 30% that of its most abundant synonym in each of the codon usage tables (11) . The effective codon usage statistic (N c ) measures the codon bias (26) . The N c value is always between 20 (when only one codon is effectively used for each amino acid) and 61 (when codons are used randomly). The N c value was calculated with the Chips program (European Molecular Biology Open Software Suite).
For the rare codon location study, protein secondary structure wire plot models of VP2, VP3, and VP1 of HAV were calculated from a picornavirus alignment (16) in which actual structural data for the Mahoney strain of PV-1 (http://www.biochem.ucl.ac.uk/bsm/pdbsum/2plv/main.html) were added and aligned. The three-dimensional model for the HAV protomer was also deduced by Luo et al. (16;  M. Luo, personal communication) from this alignment. To statistically confirm the locations or distributions of rare codons, a 2 analysis of frequencies was undertaken. The different proteins were divided into two regions: (i) the carboxy ends and borders of the highly structured elements (␤ barrels and ␣ helices) and (ii) the remaining portions of the proteins. The so-called carboxy limits were defined as the third carboxy portion of the structural elements plus the five contiguous external residues. In some instances, when the ␤ barrels or the ␣ helices were shorter than three residues, only one internal residue was included; when there were fewer than five external joining residues before the next structural element, the totality of the joining region was included. As a cutoff value, only rare codons conserved in more than 50% of the sequences were included in this study. In the 2 test, the null hypothesis was the random distribution of the rare codons. The actual structures of the PV-1 and FMDV-C capsid proteins (http://www.biochem.ucl.ac.uk/bsm/pdbsum/2plv/main .html and http://www.biochem.ucl.ac.uk/bsm/pdbsum/1qgc/main.html), the actual structure of the recombinant HAV 3C protease (http://www.biochem.ucl.ac.uk /bsm/pdbsum/1hav/main.html), and a model of the HAV 3D polymerase deduced from the recombinant PV 3D protein (http://www.biochem.ucl.ac.uk/bsm /pdbsum/1rdr/main.html) were used for comparison analysis of the locations of the rare codons.
The pairing number (P-Num) values associated with different genomic regions of either the HM-175 strain of HAV or the Mahoney strain of PV-1 were obtained from http://www.bocklabs.wisc.edu/acp/.
Nucleotide sequence accession numbers. The P1-2A nucleotide sequences of the18 isolates from the clam-associated outbreak were deposited in GenBank and have been assigned accession numbers AF396391 to AF396408.
RESULTS
General characterization of the HAV isolates from the clamassociated hepatitis A outbreak. All 18 isolates belonged to genotype IB, although 6 out of the 18 samples had a conservative amino acid change (Val to Ile) at residue 72, in the middle of the VP3 sequence, involved in the immunodominant site (24) . This mutation induces a loss of recognition by monoclonal antibody K34C8 and thus represents the occurrence of an antigenic variant. Two additional amino acid changes were detected, at position 40 of VP2 (Val to Ala in two strains) and position 28 of VP1 (Met to Val in one strain). The overall nucleotide homology among these 18 samples ranged from 97.85 to 100% in the P1-2A region, while the amino acid homology ranged from 99.75% to 100%.
Frequencies and kinds of mutations in the capsid region. The K s and K a values were calculated for the two sets of HAV sequences in the capsid region ( the higher divergence of the GenBank sequences than of the cluster of outbreak sequences. The K s /K a ratios for these outbreak sequences were extremely high for the VP0 and VP1-2A regions and considerably high for the VP3 region. The lower ratio observed for the VP3 region reflects the relatively abundant (6 of 18 sequences) occurrence of the antigenic variant described above. For the GenBank sequences, this ratio was also very high for all of the analyzed genomic regions. When the complete capsid regions (P1 regions) of HAV and FMDV-C were compared, it was found that while the K s values were similar in both viruses, the K a value was 1 order of magnitude higher in FMDV-C. Consequently, the K s /K a ratio was significantly higher in HAV (Table 3) . A similar conclusion was drawn after a comparison of the values for the VP1 regions of HAV, FMDV-C, and PV-1 (Table 3) . Codon usage. Since synonymous mutations are the most prevalent in HAV and the occurrence of such mutations is subject to the influence of codon usage, an analysis of this usage in HAV was undertaken. The complete coding genome was studied for the GenBank sequences. Fifteen out of the 18 amino acid families containing synonymous codons showed the use of rare codons (Table 4) . Overall, 25 rare codons were detected. Similarly, analysis of the codon usage in the P1-2A region of the sequences from the outbreak revealed the existence of 20 rare codons in 14 out of the 18 amino acid families (Table 4) . Eighteen out of these 20 rare codons were in common with those of the GenBank sequences, and 4 more (Arg: CGC; Arg: CGA; Arg: CGG; Pro: CCG) were not found in the outbreak sequences. However, three (Arg: CGC; Arg: CGG; Pro: CCG) out of these four codons were not detected in the capsid region of the GenBank sequences. Two codons that were rare in the outbreak sequences were not rare in the GenBank group (Ser: AGU; Ile: AUA), while three codons that were rare in the GenBank sequences were not rare in the outbreak group (Arg: AGG; Ser: UCC; Leu: CUG).
No significant differences could be detected in the frequencies of rare codons between the capsid region and the nonstructural region of the genome among the GenBank sequences. These frequencies, defined as the number of rare codons versus the total number of codons, were 9.1% in the former genomic region and of 8.2% in the second. However, as mentioned above, some rare codons were absent from the capsid region. The overall heterogeneity could be expressed as the effective N c values, which were 39 for the total coding region, 38.8 for the capsid region, and 38.7 for the nonstructural region. The N c value for the capsid region in the outbreak sequences was 38.9. These values indicate that there was no significant difference in the codon usage bias among the closely related outbreak sequences and the GenBank sequences. The N c values were also calculated for two other picornaviruses, PV-1 and FMDV-C (Table 5 ). For both of these viruses, markedly higher N c values were obtained (52.6 and 52.1, respectively, compared to 37.2 for VP1 of HAV; 53.3 and 38.8 for the entire P1 regions of FMDV-C and HAV, respectively), indicating that HAV has a much higher bias in codon usage. This fact was further confirmed by the number of amino acid families containing rare codons or by the clearly higher total number of rare codons in HAV than in the other viruses (Table 5) .
Additionally, another important and surprising difference among HAV and the other picornaviruses (PV-1 or FMDV-C) a Codons shown in bold type were rare in both sets of HAV sequences and were considered in the location study.
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could be observed. While the codon usage of PV-1 and FMDV-C was mostly coincident with that of their hosts, the HAV codon usage was quite antagonistic to that of human cells. The codons most abundantly used for Arg, Ser, Thr, Pro, Asn, His, Asp, Tyr, Cys, Phe, and Ile by human cells were rare codons for HAV. Leu, Ala, Gly, Val, and Lys codons were not as rare as the codons just listed but clearly were less abundant. Only 5 out of the 22 HAV rare codons were also rare in human cells (UCG, CUA, ACG, GCG, and GUA). Consequently, the most abundant HAV codons were not the most abundant human codons. Only Gln and Glu were mostly encoded by the same triplets. A closer analysis of this situation reveals that for most twofold degenerate amino acids, namely, Asn, Hys, Asp, Tyr, Cys, and Phe, one codon may bind two different tRNAs, each bearing a different anticodon, and the other codon may bind these same two tRNAs and a third tRNA with a third and different anticodon; human cells more frequently use the first of these codons, while HAV clearly uses the second, which contains the unshared anticodon (Table 4) . For the three remaining twofold degenerate amino acids, Lys, Gln, and Glu, each codon may bind two tRNAs and only one anticodon is shared; no clear codon preference is shown by HAV. For the threefold degenerate Ile, the most abundant human codon may bind two tRNAs, whose anticodons are shared with the two alternative codons; the second most abundant codon may bind three anticodons (two shared and one unshared); and the least abundant codon may bind two anticodons (one shared and one unshared). In this situation, HAV chooses as the most abundant codon a codon that has one unshared anticodon and that is not rare for the host cell. The same strategy is observed for most of the four-and sixfold degenerate amino acids, although in some, such as Val and Leu, HAV selects a rare human codon as its most abundant, since the alternative codons with an unshared anticodon correspond to the most abundant human codons, thus representing strong competition. Locations of rare codons. The locations of the rare codons in the GenBank sequences were studied, although codons considered rare were only those that were present and rare in both the GenBank and the hepatitis outbreak sequences (Table 4) . Only rare codons conserved in more than 50% of the analyzed sequences were considered significant in the location study. Overall, 60 rare codons out of 764 total codons were conserved in the P1 region, representing 7.8% conserved rare codons. When the stringency in conservation was increased to either 85 or 100%, 2.7 or 0.9%, respectively, of the total P1 codons were rare codons. It should be noted that 7 out of these 60 rare codons (11.6%) were conserved in the entire group of sequences. In some instances, sequences lacking an individual rare codon had an alternative rare codon in close proximity (distance of one to three codons), increasing the percent conservation. Accordingly, 26 highly conserved positions that should be very critical were recognized in the structural genome.
A tendency to be located within the carboxy limits of the highly structured elements (␤ barrels and ␣ helices) was observed (Fig. 1) . Overall, 52.7% of the rare codons of the capsid region were located in the carboxy limits of the ␤ barrels and ␣ helices, while the residues contained in these limits represented 37.6% of the total polyprotein. This tendency to be located within the carboxy limits was statistically significant (P Ͻ 0.05). These same determinations were calculated for the P1 region of FMDV-C and for the VP1 region of PV-1. A significant nonrandom location could not be detected in either FMDV-C or PV-1, although in both viruses a preference for the carboxy limits was also observed.
At certain positions, the conserved rare codons were clustered (Fig. 1) . A cluster was defined as a group of at least two contiguous rare codons or a group of at least two rare codons at a distance of one to three codons. In the VP0 region, three clear clusters were observed. The first was located in the VP4 region, for which no structural data exist. The second was located right at the carboxy border of the ␤D barrel, and the third extended all along the short joining sequence between the ␤F and the ␤G1 barrels. In the VP3 region, one cluster was detected starting just before the ␤G2 barrel and finishing just after this structure. In the VP1 region, one cluster was located at the amino terminus of the protein, and two contiguous clusters were located at the end of the ␤E barrel and at the joining sequence between the ␤E barrel and the ␣B helix. The outbreak sequences were not included in this analysis to avoid the potential bias due to their close relationships; however, they were used to confirm the existence of critical positions (Fig. 1) . Eighty-one percent of the highly conserved rare codon locations detected in the GenBank sequences were also detected as highly conserved in the outbreak sequences. A high degree of correlation was also observed among the rare codon clusters, with the exception of those of VP1. However, since these clusters were not highly conserved in the GenBank sequences, they should not be regarded as actual clusters.
All of the amino acids encoded by these clusters were located in exposed regions of the capsid (Fig. 2) , and these clusters included very rare codons. The frequencies of these very rare codons were below 20% that of the most common codon of their families or even below 5% in some instances, such as that of the ␤G2 cluster of VP3. It should be noted that not only the clusters but also several single rare codons encoded residues located on the surface. Overall, 67% of the total rare codons encoded residues exposed on the capsid surface, more precisely, 81, 72, and 64% of the VP2, VP3, and VP1 rare codons, respectively. On the other hand, 60% of these rare codons were highly conserved in at least 85% of the GenBank sequences.
The occurrences and locations of rare codons in the 3C and 3D regions of the GenBank sequences of HAV were comparatively analyzed. The 3C coding region contained 1.82, 1.37, and 0.91% rare codons conserved in 50, 85, and 100% of the sequences, respectively. For the 3D region, 6.7% of the total codons were rare codons conserved in 50% of the sequences, 2.86% of the total codons were rare codons conserved in 85% of the sequences, and 1.84% of the total codons were rare codons conserved in 100% of the sequences. While the patterns of conservation of the rare codons were completely different in the 3C and P1 regions, that of the 3D region did not differ significantly from that of the P1 region. However, the strategic location of the HAV P1 region rare codons contrasted with the data obtained for the 3D region, whose rare codons were randomly distributed, instead of being accumulated at the carboxy limits. Overall, the carboxy limits represented 30.5% of the 3D protein, and 33.3% of the rare codons were located at these limits. Thus, it could be concluded that no clear preference for the carboxy limit location exists in the 3D polymerase. For the 3C protein, the statistical analysis was hampered by the low number of rare codons.
RNA secondary structure. Although the dynamic nature of the RNA genome avoids an accurate prediction of its secondary structure, P-Num values provide a quantitative estimation of the propensity of a base to pair with alternative partners in a collection of suboptimal folds (20) . RNA regions having abundant bases with low P-Num values (P-Num, Ͻ100) are predicted to contain secondary structures (20) . This parameter was calculated either for the total genome of the HM-175 strain of HAV or for partial RNA regions. Although the percentage of bases with P-Num values of Ͻ100 was 24.15%, a distinct pattern was observed among the different genomic regions (Table 6 ). Remarkably, significantly higher percentages of bases with low P-Num values were observed in the P3 region than in the P1 region and even than in the noncoding regions, suggesting a tighter structure in the P3 region. The ratios between the P-Num values of different regions were calculated for HAV and PV-1. The P3 region/P1 region ratios were 2.3 and 1.7, respectively, the P3 region/5Ј noncoding region ratios were 1.6 and 1.7, respectively, and the P1 region/5Ј noncoding region ratios were 0.7 and 1, respectively. These ratios suggested that the RNA of the HAV P1 region had a comparatively lower P-Num value and correspondingly a relatively looser structure.
DISCUSSION
HAV has low antigenic variability, as reflected by the existence of a single serotype (14) . However, antigenic variants have been selected for their resistance to different MAbs (18, 21) . Among the group of isolates from the clam-associated outbreak, a natural antigenic variant has been detected which induces a loss of recognition by MAb K34C8 and a second variation in a linear epitope of VP1 (24) . However, the frequency of nonsynonymous mutations observed in HAV is sig- Assuming that the tolerance to amino acid substitutions is higher at surface protein sites free of structural constraints, it seems reasonable to assume that all of these residues are located at the capsid surface, even more so when it is considered that most of these substitutions are nonconservative. Since antigenic sites are frequently located at the surface, it can be expected that several of these substitutions are located at HAV antigenic sites. However, only three of these substitutions have been found directly involved in HAV epitopes, i.e., positions 25 and 28 of VP1 (10, 15) and position 72 of VP3 (18, 21, 24) . Additionally, position 174 of VP1 is located in the middle of the sequence from residues 171 to 176 of this protein, which is part of the immunodominant site of HAV, although no data exist on the implication of this position for the epitope structure (18, 21) . The same situation applies to residues 148, 156, and 241 of VP1 and residue 145 of VP3, which are located close to residues that are part of the HAV immunodominant site in the HAV structural model (16; Luo, personal communication). Furthermore, residues 208 and 216 of VP1 are located close to residue 221, which defines a second antigenic site of HAV (18, 21) . However, despite the existence of these potential antigenic variants, different serotypes have not been defined, possibly because these substitutions lead to losses of only single epitopes from complex antigenic sites, as is the case for the variation in residue 72 of VP3 (24) . It can then be expected that more extensive substitutions are required for the emergence of a new serotype and that such replacements are hampered by strong structural constraints. The general idea of strong capsid structural constraints may be reinforced by the profuse use and conservation of rare codons, whose strategic locations have been postulated to create codon context variations along the mRNA, inducing a decrease in translation speed and allowing proper protein folding. The N c values obtained for different picornaviruses indicate a significantly higher bias in codon usage in HAV than in PV-1 or FMDV-C. Genes with lower N c values are considered to be restricted in the use of synonymous codons compared to genes with higher N c values, which have greater flexibility in the use of synonymous codons (26) . It may be assumed that low N c values imply the use of preferred codons and, consequently, the existence of rare codons. There are indications that synonymous codon usage may be biased toward rare codons in segments connecting domains and regular secondary structure blocks (2, 11) . In fact, a statistically significant nonrandom distribution of rare codons could be observed in the capsid region, the preferred locations being the carboxy ends and borders of the highly structured protein elements. In contrast, this tendency has not been observed in the 3C region or even in the 3D region, which is richer in 100% conserved rare codons than the P1 region. However, by using the P-Num value of the HM-175 strain as a reference for HAV, it was observed that for the 3D region, the RNA secondary structure is tighter; consequently, its sequence should be less prone to variability, as has been suggested for other viruses (11) . Thirty percent and 64% of the P1 region and 3D region rare codons, respectively, were immersed in RNA regions with low P-Num values (data not shown). Consequently, it can be considered that these rare codons play a dual role in maintaining both the RNA and the protein structures, being more important at the protein level in the P1 region and at the RNA level in the 3D region.
The occurrence of surface residues encoded by rare codons, which account for approximately 15% of the total surface residues ( Fig. 2 and data not shown) , could contribute to the low variability of the HAV capsid, since it is quite unlikely that the occurrence of a nucleotide substitution in a rare codon will give rise to a new codon of similar rarity (Table 4) , in order to maintain the translation kinetics for correct folding without a loss of efficiency. In fact, among the previously mentioned capsid substitutions, only that at position 25 of VP1 (Ile to Met) changed from quasi-rare to non-rare and that at position 271 of VP1 (Ser to Pro) changed from quasi-rare to unmistakably rare. All of the other substitutions affected non-rare codons.
An intriguing issue, however, is the antagonism in the codon usage of HAV and human cells, since the availability of tRNAs is host dependent. The picornavirus models used throughout this study showed codon usage very similar to that of their hosts. However, this situation implies the occurrence of competition for tRNAs, among other factors. For PV-1 and FMDV-C, this competition is avoided by the induction of cellular shutoff of protein synthesis through carboxy cleavage of component eIF4G of the translation initiation complex by 2A and L proteases, respectively (22) . The cleaved eIF4G factor is still active for the internal ribosome entry site-dependent initiation of translation of most picornaviruses, although that of HAV requires an intact eIF4G factor (6) . The latter is a plausible explanation for why shutoff has not been described for HAV-infected cells. Consequently, HAV competes poorly for cellular factors, among them tRNAs; therefore, the most abun- dant codons of its host are not its most abundant and, in several instances, even are rare codons. The lack of a specific shutoff-inducing mechanism and the occurrence of long extracorporeal periods are concordant with a special codon usage which prevents direct competition with the host cell system and concomitantly allows a highly compact capsid that ensures a high level of environmental persistence.
